Islet-cell hormone release is modulated by signals from endothelial and endocrine cells within the islet. However, models of intraislet vascularization and paracrine cell signaling are mostly based on the rodent pancreas. We assessed the architecture and endocrine cell interaction of the vascular network in unperturbed human islets in situ and their potential to re-establish their endogenous vascular network after transplantation in vivo. We prepared slices of fresh pancreas tissue obtained from nondiabetic patients undergoing partial pancreatectomy. In addition, we transplanted human donor islets into the anterior chamber of the mouse eye. Next, we performed three-dimensional in situ and in vivo imaging of islet cell and vessel architecture at cellular resolution and compared our findings with mouse and porcine islets. Our data reveal a significantly different vascular architecture with decreased vessel diameter, reduced vessel branching, and shortened total vessel network in human compared with mouse islets. Together with the distinct cellular arrangement in human islets, this limits b to endothelial cell interactions, facilitates connection of a and b cells, and promotes the formation of independent b-cell clusters within islets. Furthermore, our results show that the endogenous vascular network of islets is significantly altered after transplantation in a donor agerelated mechanism. Thus, our study provides insight into the vascular architecture and cellular arrangement of human islets with apparent consequences for intercellular islet signaling. Moreover, our findings suggest that human islet engraftment after transplantation can be improved by using alternative, less mature islet-cell sources. (Endocrinology 158: 1373(Endocrinology 158: -1385(Endocrinology 158: , 2017 
cellular modulation by endothelial cells but also facilitates paracrine regulation by directed blood flow through the islet (7) . Therefore, vascular network characteristics and spatial arrangement of islet endocrine and endothelial cells will determine regulated hormone release in response to changing blood glucose levels.
Islet-cell composition and morphology differ among species (8) (9) (10) (11) , but the detailed spatial arrangement of human islet cells is still debated (11, 12) . This is at least partially due to the use of thin histological sections, which limits conclusions on the spatial arrangements of cells. Furthermore, it prevents thorough investigations of the architecture of the intraislet vascular network. So far, threedimensional (3D) analysis of human islet vascularization has been restricted to corrosion-cast studies lacking cellular compartments of the islet (13) . Therefore, surprisingly little is known about the unperturbed 3D intraislet vascular network and its cellular interactions in human islets.
We assessed the 3D vascular network in combination with endocrine cell configuration of human islets in pancreatic tissue in situ (14) . Our data reveal a different vascular architecture and low vascular fraction of human islets with smaller vessel diameter, reduced vessel branching, and shortened total vessel network in comparison with mouse islets. This contributes to a distinct 3D morphology with reduced b to endothelial cell contact, increased a-b cell interactions, and the formation of distinct b-cell clusters in human islets. Furthermore, our results show that the intraislet vascular network is dramatically altered after transplantation in a donor age-dependent manner, which has implications for therapeutic islet transplantation.
Design and Methods

Pancreas tissue samples and preparation of pancreas tissue slices
Pancreas tissue slices were prepared from 1-year and 12-week-old male and female B6.129S7-Rag1 tm1Mom /J (BL6 Rag 2/2 ) mice (n = 4 to 5 per group). Human tissue (Table 1) was obtained after partial pancreatectomy [n = 4; mean age 6 standard error of the mean (SEM), 62.3 6 4.9 years; mean body mass index 6 SEM, 27.5 6 2.2 kg/m 2 ; no history of diabetes] and informed consent was available from all patients. Porcine pancreatic tissue of pigs 6 to 9 months old was supplied by a local slaughterhouse. Tissue slices were prepared as previously described (14) (15) (16) . Briefly, for mouse-tissue preparation, pancreata were injected with 1.25% low-melting-point agarose (Roth, Karlsruhe, Germany) after euthanizing the mouse. After solidification, the pancreas was excised and embedded in agarose (1.25%). Porcine tissue was infused with 1.25% agarose and embedded in 2% agarose. Human tissue was solely embedded with 3.8% agarose. Pancreas tissue slices were made at a thickness of 150 mm for mouse and porcine tissue and 120 mm for human tissue, using a semiautomated vibratome (Leica, Wetzlar, Germany). For every individual, a minimum of 5 islets were analyzed. All experiments were approved by the Committee on the Ethics of Animal Experiments of the State Directory of Saxony and the Ethics Committee of the Technische Universität Dresden.
Islet isolation and transplantation, and engraftment of islets in the anterior chamber of the eye Mouse islet isolation of 1-year and 12-week-old mice was performed as previously reported (17) . Human islets (tebu-bio, Le Perray En Yvelines, France) used for transplantation (Table 2 ) originated from 4 donors (mean age 6 SEM, 30.8 6 10.0 years; mean body mass index 6 SEM, 22.4 6 1.2 kg/m 2 ; no history of diabetes). After shipment, islets rested overnight in CMRL 1066 medium (Corning cellgro; Mediatech, Herndon, VA) supplemented with 2 g/L human serum albumin and 100 unit/mL penicillin/streptomycin prior to transplantation. Following a modified Ricordi method (18), porcine islets were isolated from 0.5-, 1.5-, 3-, and 5-year-old pigs and transplanted 3 to 4 days after isolation. Pancreatic islet transplantation into the anterior chamber of the mouse eye (AC) of NOD.CB17-Prkdc scid /J mice was performed as described (17) . Briefly, mice were anesthetized by inhalation of 2% isoflurane in 100% oxygen via a face mask. A 25-gauge needle was used to make a small incision in the cornea, close to the corneal limbus, and 20 to 25 islets in phosphate-buffered saline (PBS) were slowly injected into the AC, using a custom-made beveled glass cannula (outer diameter, 0.4 mm; inner diameter, 0.32 mm; Hilgenberg GmbH, Malsfeld, Germany). Islets were allowed to engraft for 8 weeks.
Immunohistochemistry
Pancreas tissue slices were stained as described (14) with antibodies to insulin (1:500; Dako; Agilent, Waldbronn, Germany) and glucagon (1:2000; Sigma Aldrich, Hamburg, Germany) visualized by Alexa Fluor 488, 633 secondary antibodies (1:200; Thermo Fisher Scientific, Darmstadt, Germany; Table 3 ). Briefly, after vibratome slicing, slices were fixed in 4% paraformaldehyde for 2 hours at 4°C. After a permeabilization step in PBS + 1% Triton-X for 2 hours and blocking for 1 hour with goat serum dilution buffer solution + 0.6% Triton-X, primary antibodies were applied in blocking solution and incubated overnight at 4°C. After washing, slices were incubated with secondary antibodies and 4 0 ,6-diamidino-2-phenylindole (2.5 mg/mL; Sigma-Aldrich, Hamburg, Germany) in blocking solution at 4°C overnight and then washed. Vessels were visualized by incubating stained slices with DyLight 594-labeled Lycopersicon esculentum (tomato) lectin (10 mg/mL; Vector Laboratories; Biozol, Munich, Germany) overnight at 4°C. Specificity of lectin labeling was assessed with an antibody to type IV collagen (1:200; Abcam, Cambridge, United Kingdom), a marker for the blood-vessel basement membrane in islets (19) . These control stainings showed that all tubular structures within an islet were also labeled by lectin (Supplemental Fig. 1 ).
Imaging and analysis
In vivo imaging was conducted 8 weeks after transplantation, as described in detail (17, 20, 21) . Briefly, mice were intubated (BioLite; Braintree Scientific, Inc., Braintree, MA) and anesthetized with 2% isoflurane in 100% oxygen with a 270-mL stroke volume at 250 strokes/min. Pupil dilation and iris movement were limited by a drop of 0.4% pilocarpine (Pilomann; Bausch & Lomb, Rochester, NY) in PBS placed on the cornea. For confocal and 2-photon imaging, an upright laserscanning microscope (LSM780 NLO; Zeiss, Jena, Germany) equipped with a 2-photon laser (Chameleon Vision II; Coherent, Inc., Santa Clara, CA) and W Plan-Apochromat 320/1.0 differential interference contrast and M27 75-mm objective (Zeiss, Jena, Germany) was used. Total islet volume was assessed by backscatter laser light detected at 633 nm. Vessels were visualized by injecting 0.6 mg/mL fluorescein isothiocyanate-Dextran (Life Technologies; Thermo Fisher Scientific, Darmstadt, Germany) in PBS into the tail vein. Fluorescein isothiocyanate was excited by a two-photon laser at 930 nm and detected at 500 to 550 nm. For pancreas tissue slices, images were acquired solely by confocal imaging. The 4 0 ,6-diamidino-2-phenylindole signal was excited at 405 nm and a detection range of 405 to 460 nm. Alexa Fluor 488 and 633 were excited at 488 and 633 nm, respectively, and detected at 490 to 540 nm and 640 to 720 nm, respectively. Lectin was excited at 561 nm and detected at 590 to 630 nm. In vivo imaging was performed at a single plain resolution of 512 3 512 pixels; in situ imaging was performed at a resolution of 1024 3 1024 pixels. Pixel size in x-and y-dimensions was between 0.555 and 3.02 mm, and z-stacks were acquired with a step size of 1.5 mm.
Three-dimensional analysis of in vivo and in situ images was performed using Imaris 8.1 (Bitplane AG, Zurich, Switzerland). Islet volume was calculated by surface rendering. Cellular and vascular fractions were quantified from median filtered images within the top 60 mm. Vessel network analysis was performed with the FilamentTracer plugin (i.e., total vessel network length, number of branch points, mean segment length, vessel diameter). Normalization of branch points and vessel length was calculated by total branch points per islet volume analyzed times 10 3 and by total vessel length per islet volume analyzed times 10 3 . Similar to a previous approach performed on histological thin sections (22, 23), we measured distances of endocrine cell nuclei in three dimensions. Endocrine cell nuclei were detected and quantified by the spot algorithm. Distances were calculated using the distance transformation plugin in 32-bit float images for spots to surfaces.
Statistical analyses and calculations
Data are presented as mean 6 SEM and were compared by unpaired t tests or analysis of variance (Prism; GraphPad Software, San Diego, CA). Multiple comparisons were adjusted by Sidak correction, when necessary. Statistical significance was set at P , 0.05.
Results
Human islets exhibited a markedly different vascular network
We performed a detailed investigation of the 3D architecture of human islets, including the vascular network, endocrine cell composition, and cell-cell arrangement. Slices of freshly prepared pancreatic tissue obtained from nondiabetic patients undergoing partial pancreatectomy (Table 1) were compared with fresh mouse pancreas tissue slices from 1-year-old mice [ Fig. 1 (a) and 1(b)], thereby accounting for the mature age of human donors. The tissue-slice approach allowed analysis of unperturbed human and mouse islets within their intact pancreatic environment in 3 dimensions at subcellular resolution. Vessel network analysis revealed that mean vessel segment length, the distance between 2 branch points, was comparable between human and mouse islets [ Fig. 1(c) ], whereas the number of branch points was significantly lower in human islets [0.048 6 0.005 vs 0.134 6 0.017; Fig. 1(d) ], depicting a less-complex vascular network in human islets. Furthermore, total vessel Values are given as mean 6 SEM for 10 mice (n = 97 islets; 9.7 6 0.7 islets per mouse) and 4 humans (n = 25 islets; 6.25 6 1.25 islets per donor). *P , 0.05. Scale bars = 50 mm. pts., points; vol., volume.
compared with humans [ Fig. 1(i) ], we evaluated if the vascularization of islets was influenced by islet size. However, we did not observe any significant effect of islet size on islet vascular fraction in either species [ Fig. 1 (j) and 1(k); Supplemental Fig. 2) ]. In addition, we did not detect any major sex-specific differences in mouse islet vascularization (Supplemental Fig. 3 ).
Vessel and endocrine cell architecture of human islets promoted distinct cell-cell interactions of a, b, and endothelial cells Next, we investigated if the distinct vascular architecture within human islets has a consequence for the formation of endocrine-endothelial cell interactions. Endocrine cell composition of mouse islets in pancreas tissue slices showed the typical core-mantle structure and a significantly higher b-cell fraction compared with human [ Fig. 2 Paracrine interactions of different endocrine cell types within the islet were shown to modulate hormone release (1) . Therefore, we assessed the relative location of a and b cells within islets in three dimensions. We found 51.0% 6 4.4% of mouse b cells located in immediate proximity to a cells [0-to 10-mm nucleus-to-cell-surface distance; Fig. 2(j) ]. Another 24.4% 6 1.1% of mouse b-cell nuclei were near an a cell [10 to 20 mm; Fig. 2(j) ], potentially enabling direct contact. However, nearly 25% of b-cell nuclei were located .20 mm away from the next a cell [ Fig. 2(j) ], making direct contact between the cells highly unlikely. In contrast, in human islets, almost all b cells were located immediately next (85.8% 6 1.7% in a 0-to 10-mm distance) or close (12.0% 6 0.8% in a 10-to 20-mm distance) to an a cell [ Fig. 2(j) ], and this layout was identical in all studied patient samples [ Fig. 2(k) Fig. 2(l) ]. Interestingly, the cellular surrounding of a cells in both species did not differ [ Fig. 2(l) ].
Finally Fig. 2(m) ]. In contrast, significantly less human islets (59.2% 6 3.5%) showed full connectivity of all b cells, whereas a substantial number of human islets were found to be composed of at least two b-cell clusters [ Fig. 2(m) ]. Thus, mouse and human islets displayed a markedly different cell-cell arrangement, affecting potential endocrine-endothelial and endocrineendocrine cell communication.
Aged donor islets lacked the potential to rebuild their endogenous blood vessel network after transplantation Islet transplantation is considered a promising therapeutic approach for diabetes and correct engraftment of islets after transplantation is crucial for its long-term success. To investigate whether mouse and human islets can rebuild the described specific endogenous vascular network after transplantation, we transplanted isolated mouse islets from 1-year-old donors and human islets obtained from organ donors (Table 2 ) into the AC of NOD.CB17-Prkdc scid /J mice [ Fig. 3(a) and 3(b) ]. In vivo imaging 8 weeks after engraftment revealed that mouse islets showed the typical tortuous vascular network [ Fig. 3(a) ], whereas vessels within transplanted human islets were restricted mostly to the islet core [ Fig. 3(b) ], showing vastly different network parameters between human and mouse islets after transplantation into the same environment. Although mean segment length was similar [ Fig. 3(c) and human donor islets of similar diameter distribution were used for transplantation [ Fig. 3(h) ]. In addition, we observed no significant effect of islet size on the vascular fraction after revascularization in either species [ Fig. 3 (i) and 3(j)]. Interestingly, although islet vascular fraction was persistently lower in human islets, it differed significantly between some organ donor preparations [ Fig. 3(k) ].
Comparing the intraislet vascular network of endogenous pancreatic islets and islets after transplantation (Fig. 4) revealed that mouse islets from 1-year-old mice in the pancreas and after engraftment in the AC displayed markedly different properties of their vascular network, showing increased mean segment length and vessel diameter, as well as a decrease in branching and vessel length leading to a 27% decrease in vessel fraction [ Fig. 4(a-e)] . Similarly, but even more pronounced, transplanted human islets exhibited a strongly altered vascular network with significantly different branching, vessel length, vessel diameter, and a 64% reduced vessel fraction [ Fig. 4(f-j) ]. These results indicate that aged mouse islets and human islets show limited potential to fully recover their endogenous vessel network after transplantation.
Potential to rebuild the endogenous islet vessel network after transplantation was affected by donor islet age rather than a xenogeneic environment Because islets of the youngest human donor showed the highest intraislet vascular fraction after transplantation, we assessed the effect of age on mouse islet revascularization by comparing engraftment of islets from 1-year and 12-week-old donors in hosts of identical age. In situ, endogenous pancreatic islets of 12-week-old mice [ Fig. 5(a) ] showed a less elaborate vascular network in comparison with endogenous islets of 1-yearold mice, with significant differences in mean segment length, branch points, and vessel length, diameter, and fraction [ Fig. 5(b-f) ]. However, after transplantation, islets from 12-week-old mice not only reestablished their endogenous network but exhibited an increased mean segment length and vascular fraction after revascularization [ Fig. 5(g-l) ], suggesting that islet donor age has an effect on revascularization potential after transplantation.
Finally, we evaluated if the potential of human and mouse islets to revascularize after transplantation in the AC of mice could also be affected by the xenogenic vs allogenic environment. Therefore, we studied the ability of porcine islets to rebuild their intraislet vascular network after engraftment in mice (Fig. 6 ). Our data revealed that endogenous porcine islets exhibit vessel network parameters similar to human islets in pancreas tissue slices in situ [ Fig. 6(a) and 6(c-g) ]. Strikingly, porcine donor islets isolated from young, 6-to 18-month-old, pigs reestablished their endogenous vascular network after transplantation into the AC of mice, with no significant changes in mean segment length, branch points, total vessel network length, vessel diameter, or fractional vessel volume [ Fig. 6 (b) and 6(c-g)]. However, porcine donor islets from more mature 3-to 5-year-old pigs were not able to rebuild their endogenous vascular network after transplantation [ Fig. 6(c-g)] , showing a decrease in branch points, total vessel network length, and fractional vessel volume comparable to engrafted human islets (Fig. 4) . Identical to transplanted human and aged mouse islets, vessel diameter in old porcine islets was increased after transplantation [ Fig. 6(f)] . These data further demonstrate that islet donor age, rather than the xenogeneic environment, contributed to the reduced islet revascularization after transplantation of mature human and porcine islets.
Discussion
In this study, we determined the unperturbed 3D arrangement of endocrine cells and vascular network of human islets in situ. To that aim, we used fresh pancreatic tissue originating from patients undergoing partial pancreatectomy because of a pancreatic tumor. The tissue used in our study displayed no signs of tumorous cells or fibrosis. Nevertheless, a potential effect of the tumor on islets in the neighboring healthy tissue by circulating factors cannot be fully excluded and might influence the results of our study. This, however, seems unlikely; despite different histopathology and type of pancreatic tumor removed, we found endocrine and vascular islet parameters in the studied healthy tissue to be similar between donors. In addition, a recent study by Ehehalt et al. (24) on glucose homeostasis of patients undergoing partial pancreatectomy reported that longstanding diabetes is typically not corrected by removal of the pancreatic tumor. Furthermore, the authors showed that recent-onset diabetes in patients with pancreatic cancer was often secondary to increased liver insulin resistance induced by the tumor and was resolved after tumor removal and improvement of insulin resistance. Strikingly, insulin levels were elevated in presence of the tumor, most likely in an attempt to compensate for increased insulin resistance, and these normalized after removal of the tumor. These observations indicate that islets in the healthy tissue of the pancreas are not affected by the pancreatic tumor. Therefore, in combination with the pancreas-tissue slice technique (3, (14) (15) (16) 25) , this approach currently reflects the only way to study unperturbed human islets of metabolically characterized subjects in situ.
Our results provide evidence that human islets show a substantially different vessel network architecture compared with mouse islets. In addition to the recently observed reduced vessel-per-islet area in histological sections (26) our 3D analysis demonstrated that human islets exhibit a smaller vessel diameter as well as a less complex and shorter vessel network. We furthermore show that the vascular network in human islets is encompassed by a cells and that a large fraction of b cells is in a second and even third cell layer away from endothelial cells. These results support the model of an organized cellular architecture within human islets (8) . In addition, however, our data suggest that due to islet vessel network architecture and spatial cell arrangement, a significant number of human b cells are not in direct contact with a blood vessel. In contrast, in mouse (this study) and rat (27) islets, almost all b cells are located next to vessels. This direct contact of endocrine and endothelial cells was suggested to be important in modulating islet cell function (5, 6) . However, a twofold reduction of mouse islet vascularization did not lead to any change in b-cell gene expression or function (28) . Thus, the exact role of endothelial cell input on islet cell function remains unclear. Moreover, our findings indicate that in human islets, not all b cells require endothelial cell input to assure appropriate functionality.
Another important modulator of islet function is the paracrine and juxtracrine cross-talk of endocrine cell types within the islet (1). Our analysis shows that in human islets, the vast majority of b cells have direct contact to neighboring a and b cells. This arrangement allows close bidirectional interaction and paracrine signaling of a and b cells independent of islet blood flow pattern and islet size. Additionally, our study shows that the specific architecture of human islets leads to the formation of independent b-cell clusters within islets, explaining different patterns of b-cell synchronicity observed in mouse and human islets (29) . Therefore, the described morphological differences favor a diverse intraislet regulation of hormone secretion in mouse and human islets. In combination with the in situ analyses, we aimed to investigate if islets after transplantation have the capability to rebuild their endogenous vascular network, because inadequate revascularization is believed to contribute to reduced graft survival after islet transplantation (30) . Our results show that islets from aged mice display a reduced potential to rebuild their endogenous vascular network during engraftment and that this effect is further pronounced in adult human islets transplanted into the same site. This observation is in line with previous reports showing decreased vessel density in mouse and human islets upon transplantation (31) (32) (33) (34) , and this effect will potentially result in long-term deterioration of islet cell function and mass, due to a relative lack in oxygen and nutrient supply. However, our study also demonstrates that islets from young mice are able to rebuild their full endogenous vessel network with an even enlarged islet vascular fraction, indicating a donor age-dependent effect on islet revascularization after transplantation. Likewise, islets from the youngest human donor in our study showed the highest vascular fraction after transplantation. Nonetheless, there is no clear correlation with age across all donors, probably because many additional factors, like donor health status, cause of death, or isolation procedure, will contribute to a different quality of isolated human islets and their engraftment capability, masking a possible age effect. Yet, a donor age-dependent decrease in blood flow has been previously observed in human islets transplanted under the Values are given as mean 6 SEM for 3 pigs (n = 27 islets; 9.0 6 0.6 islets per pig) in situ, 6 mice for young porcine islet donors (n = 24 transplanted islets; 4.0 6 1.0 islets per mouse), and 8 mice for old porcine islet donors (n = 33 transplanted islets; 4.1 6 0.6 islets per mouse). *P , 0.05. Scale bars = 50 mm. mouse kidney capsule, but could not be correlated to decreased vascular density in the islets (33) and thereby might be related to additional vessel network parameters. Exploring the presence of a donor-age effect on revascularization of transplanted human islets similar to that observed with mouse islets would require the availability of adolescent human donor islets, which was not possible during this study.
Nevertheless, we could further corroborate the donor age-dependent potential of islet revascularization by transplanting porcine islets, which exhibit a very similar vascular network to human islets in situ. Whereas old porcine donor islets displayed the same vascular network alterations as human islets after transplantation, young porcine donor islets were able to fully re-establish their endogenous vascular network. The equal handling of young and old porcine donor islets demonstrated that different revascularization capabilities occurred independently of diverse culture times before transplantation. This is in line with a recent report that used the same in vivo platform and found no effect of culture time on full islet revascularization (35) . At the same time, these results mitigate the xenogeneic environment as reason for the further reduced revascularization observed for human islets and emphasize an islet donor-age effect. A potential limitation of our study is the limited number of islets and donors investigated. This is related to the complex experimental approaches, image acquisition, and analysis necessary to obtain this detailed insight into cellular morphology in situ and in vivo. Nevertheless, the low heterogeneity of our data between islets and donors suggest these findings reflect common features for the experimental settings applied in our study.
In summary, using a 3D approach, we have shown the detailed vascular network and cell architecture of unperturbed human islets in situ and after transplantation in vivo. Our study reveals that the distinct vascular network and endocrine cell arrangements of human islets limits b to endothelial cell contact, favors a-b cell interaction, and leads to distinct b-cell clusters within islets, all with potentially important consequences for juxtacrine and paracrine signaling in human islets. Furthermore, our data indicate that due to an agedependent effect, adult human donor islets do not allow appropriate engraftment after transplantation; thus, induced enhancement of revascularization in adult human donor islets or the use of alternative, less-mature islet cell sources is proposed.
